
Europ&isches Patentamt 
European Patent Office 
Office europ^en des brevets 




0 Publicati n number. 



0 446 584 A1 



® 



EUROPEAN PATENT APPLICATIONT 



@ Application numt>er. 911009S2X) 
@ Date of filing: 25.01^ 



@ !nt.Cl5:C23C 14/16, C23C 14/40, 
C23C 14/02 



@ Priority: 12.02.90 US 479009 

@ Data of publication of application: 
18.09J1 Bulletin 91^ 

0 Designatad Contracting States: 
DEFRQBrrSE 



© Applicant: GENERAL ELECTRIC COMPANY 
1 River Road 

Schenectady New YorK 12305(US) 

@ Inventor: Mckee, Douglas William 
20yellnaDrlveRD.2 
Burnt HHIS, New Yoric 12027(U8) 



® Representative: Catherine. Alain et al 

General Electric France Service de ProprWtd 
Industrielle 18 Rue Horace Vemet 
F-92136 issy-LeS'Moullneaux Cedex(FR) 



(g) Chromium coating for titanium oxidaUon protection. 

A coatino comprised of a continuous film of about 1 to 10 microns of condensed tiigh energy atoms of 
froml^?f<Stoll adherent on titanium substrates during .epeated ^^^^^'^^P^J^^^^^ 
substanfial o«dadon p«rtectlon up to about 900' C. A film of a ducdl^^'" J ^^Tll^^Z^ 
chiomium oxide scale can be used instead of the chromium film. The film is deposiied by physical vapor 
deposition processes depositing atoms having a high kinetic energy. 
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CHROMIUM COATiNQS FOR TITANIUM OXIDATION PROTECTION 



This invention relates to chromium coatings that provide substantial oxidation protection for titanium and 
titanium alloys, while remaining adherent during repeated themnal cycling. 

The components of a gas turbine are heated during the operation of the turbine and then cooled to 
room temperature when the turbine is stopped. The heating and cooling cycle can be repeated several 
times a day, for example In an aircraft engine gas turbine, or more Infrequently on a weekly or monthly 
basis, for example In a gas turt^lne used in power generation. The temi "repeated thermal cycling" is used 
herein to refer to the type of thenmal cycling experienced by the components of a gas turi3lne in ttie nonnal 
operation of tiie gas turbine. 

There Is great technological Interest in high strength, low density materials suitable for high temperature 
use such as titanium and titanium alloys. It Is well known such low density materials will improve tfie thmst 
to weight ratio and efficiency of gas turbine aircraft engines. A serious limitation to ttie use of titanium and 
most titanium alloys In high temperature applications, above about 600* C. Is tfie affinity of titanium for 
oxygen. Oxygen embrittles titanium, causing a reduction In toughness and creep resistance. Titanium also 
oxidizes at relatively low temperatures forming a spalling oxide scale at about 600* C. 

Metals tiiat form spalling oxide scales are particularly undesirable for high temperature use because tiie 
metal surface continually corrodes leading to premature failure of ttie metal from mechanisms such as 
stress con^osion cracking. A mora desirable oxide scale remains tightiy adherent to the metal surtace and 
has a low diffusivlty for oxygen tfiereby retarding fortfier oxWation of fbe metal substrate. A protective oxicte 
scale on titanium would also reduce tfie diffosfon of oxygen Into tfie metal so tfiat toughness and creep 
resistance are not adversely reduced. Because titanium has a high affinity for oxygen, many titanium altoys^ 
are similarly embrittted and fonm spalling oxide scales. Components or staictural members fonned from 
titanium or titanium alloys are sometimes herein refsnred to as titanium substrates. 

Improvement in ttie resistance to oxidation of titanium substrates has been sought through ttie addition 
of alloying elements tfiat form protective scales. However such alloy additions have not been entirely 
satisfactory eitiier because oxidation protection Is inadequate, or mechanical properties are adversely 
affected. For example, chromium additions of a few weight percent In titanium substrates have been shown 
to Increase tiie oxidation rate of titanium. By increasing the chromium addition to at least about 17 weight 
percent minor reductions in ttie oxidation rate of titanium have been obsen^ed. Aluminum has been shown 
to be a more effective addition generally providing greater oxidation protection as tfie aluminum concentra- 
tion increases, intermetallic compounds of tftanlum and aluminum such as alpha-2, about 25 to 35 atomic 
percent aluminum, and gamma, about 50 to 60 atomic percent aluminum, have lower oxidation rates tfian . 
pure titanium, but by less ttian an order of magnitude. Unfortunately ttie titanium and aluminum Intemietallto 
compounds are brittie. and their use In tiie stressed components of a gas torblne has been restricted. 

A desirable altemative Is coatings ttiat provide substantial oxidation protection to titanium substrates. 
The predominant aspect of high temperature coating technology is the life expectancy of ttie coating. The 
coatings composition, structure, porosity, adhesion, operating and coating temperature, and oompatabiHty 
between tfie substrate and coating are all considerations In ttie development of a high temperature coating. 
Compateblllty Includes minimal diffuston between tfie coating and substrate to avoid composition changes 
or tfie development of embrittling phases. Coating adhesion has been a particularly difficult requirement to 
satisfy In coatings for gas turt^lne components because ttie repeated ttiermal cycling nomially experienced 
by such components In tiie operetion of a gas turbine can place severe stresses on ttie coatings. 

Various coatings have been applied to titanium substrates to improve their oxidation resistance. For 
example diffusion coatings of aluminum, silicon, nickel, zinc, chromium, and nickel aluminide have been 
applied to commercially pure titanium, Nejedlik. J. R, "Protective Coatings for Titanium Altoy Compressor 
Blades," TRW Report TM-4580, December 1970. The aluminide and silicide coatings were considered 
more protective ttian ttie otfier diffused coatings because ttiey exhibited low weight gains during oxidation 
testing at 650 C for 1000 hour exposure in air. 

Pack cementation Is a widely used aluminid diffusion coating process. A mixtore f an inert oxide, a 
hande salt and a source of coating metal such as aluminum are placed In a sealed retort. On heating, the 
salt decomposes and reacts witti ttie coating metal to fonri a gaseous metal hatogen compound. The metal 
activity in ttie gas Is high r ttian ttie substrate so tfie coating metal reacte and tnterdlffiises Into tfie 
substrate. Th pack-cementation process was used to d posit aluminide layere about 40 to 50 microns tfiick 
on titanium, "High Temperature Cyclic Oxidation of Aluminide Layers on Titanium." Subrahmanyam. I. and 
Annapuma, J.. Oxidation of Metals. Vol. 26. Nos. 3/4. 1986, pp. 275-285. Cyclic oxidation testing at 950* C 
caused rapid oxidaUon and spalling of ttie aluminide layera. At lower oxidation temperBtures ttie aluminide 
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layers delayed the beginning of rapid oxidation indicating the layers could extend titanium life considerably 
at 500-700 'C. 

Silicide layers of about 10 microns have also been deposited on heated titanium ribbons by the 
chemical vapor deposition of silane. SiKU. "High-temperatur Oxidation of Titanium Silicide Coatings on 

5 Titanium," Abba A,,Galerie A., and Caillet M., Oxidation of Metals, Vol. 17, No. 1, 1982, pp. 43-54. Though 
the silicide coatings were oxidation tested without rapid thenmal cycling, at 800* C longitudinal cracks in ttie 
scale and accelerated oxidation were observed. 

Ion implantation in titanium of aluminum, boron, tin, caesium, and phosphorus was investigated by 
Pons, at al. "Oxidation of Ion-implanted Titanium in the 750-950*0 Temperature Range," Journal of tiie 

10 Less Common Metals, Vol. 109, 1985, pp. 46-46. Phosphorus was found to be the most active, but only 
reduced the rate of oxide growtii by a factor of 2. 

Physical Vapor Deposition coating processes are well known, covering tiiree major technk^ues; evapora- 
tion, sputtering and ion plating. Variations of each major technique have been developed enabling the 
deposition of a wide range of materials. In generalt a coating material and the substrate on which deposition 

16 occurs are contained in a vacuum chamber where the coating material is vaporized, transported to the 
substrate, and condensed by film nucleation and growth on the substrate. Variations in atmosphere, 
methods of heating the vapor source, and application of electrical voltage to the substrate can produce 
different coating structures, deposition rates and properties. However, by using the proper variations in each 
technique similar coatings can be produced. 

20 The Physical Vapor Deposition processes can be divided Into two categories: processes that provide 
vaporized coating atoms having a k>w kinetic energy for transport to the substrate, and processes that 
provide vaporized coating atoms having a high kinetic energy for transport to ttie substrate. Simple 
evaporation processes tiiat vaporize the coating material by tfienmal heating produce k>w energy atoms 
having less than about 1 electron voK of kinetic energy. Processes tiiat vaporize the coating material by 

25 momentum transfer produce high energy atoms having greater tiian about 1 electron volt typically about 10 
electron volts, of kinetic energy. 

For example in one sputtering process known as diode sputtering, a target that is the source of the 
coating material is negatively charged by a power supply. The negatively charged target, or catiiode, emits 
electrons. Eectrons leaving the surfece of ttie target travel toward a positively charged anode that contains 

30 the substrate to be coated. The electrons stiike and ionize one or more atoms in their path, the atoms 
typically being an inert gas such as argon. The positively charged ions formed in the collision are 
accelerated back to the negatively charged target. The energy of the collision between the target and ions 
is deposited in the target material as phonon excitation. Some of these excitations lead to the release of 
neutral atoms from the target surface having an increased kinetic energy of about 10 electron volts, 

35 enabling the atoms to travel to the substrate in a random way and grow into a film. 

Some other coating processes tiiat deposit highly energized atoms of a coating material are Ion beam 
sputtering and bn plating. For further information concerning Physical Vapor Deposition coating processes 
reference is made to "Glow Discharge Processes." Chapman, B., John Wiley & Sons Inc.. New York. 1980. 
and "Metallic and Ceramic Coatings: Production. High Temperature Properties and Applications." Hocking, 

40 M.G., Vasantasree. V., Sidky. P.S., Longman Scientific and Technical, Essex. England, 1989. 

It Is an object of this invention to provide an adherent continuous coating capable of withstanding 
repeated thermal cycling while providing substantial oxidation (protection on titanium substrates at tempera- 
tures up to about 900* C. 

Another object Is to provide an adherent continuous chromium coating capable of withstanding repeated 
46 tiiermal cycling while providing substantial oxidation protection on titanium substrates at temperatures up to 
about 900* C. 

Another object is to provide adherent continuous chmmium alloy coatings tiiat form a continuous 
chromium oxide scale. The chromium alloy coatings being capable of withstanding repeated thermal cycling 
while providing substantial oxidation protection on titanium substrates at temperatures up to about 900* C. 
50 Anotiier object of tills Invention is a metfiod for protecting titanium substrates from oxidation up to about 
900*0 under conditions of repeated tiienmal cycling such as experienced by the components of a gas 
turbine. 

Brief Description of ttie Invention 

55 

I have discovered a coating for titanium substrates tiiat r mains adher nt during repeated thermal 
cycling while providing substantial oxidation protection for th substrate at elevated temperatures up to 
about 900* C. The coating is comprised of a continuous film of condensed high nergy atoms of chromium, 
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the film being about 1 to 10 microns, preferably about 3 to 6 microns. Altematively, a film of condensed 
high energy atoms of a ductile chromium alby that forms a continuous chromium oxid scale can be used 
instead of the chromium film. The term "film of condensed high energy atoms" m ans a film that is formed 
by the condensation of atoms having a Idnetic energy of at least 1 electron volt onto a substrate. Adherent 

5 continuous chromium or chromium alloy films that provide substantial oxidation protection are formed on 
titanium substrates by physical vapor deposition processes depositing atoms having a high kinetic energy. 

A prefenred coating process for depositing atoms having a high kinetic energy Is perfomned by diode 
sputtering with a radio frequency currant. Rrst the substrate is polished and then cleaned to remove 
contaminants such as dirt carbonaceous deposits, and oxides The cleaned substrate Is centrally tocated on 

10 an anode in the seated sputtering chamber tiiat is reduced to a vacuum. 

A chromium target that is tiie source of the coating material Is negatively charged by a power supply. 
The negatively ciiarged chromium target, or cathode, emits electrons. Electrons leaving the surface of the 
target travel through an argon plasma toward a positively charged anode tiiat contains tiie titanium 
substrate. The electrons strike and Ionize one or more argon atoms In their path. The positively charged 

75 ions fonned in the collision are accelerated back to tfie negatively charged target The collision between the 
argon ions and the chromium target causes the release of chromium atoms from the target surface having 
an increased kinetic energy of about 10 electron volts, enabling ttie chromium atoms to travel to the 
titanium substrate in a random way and grow Into a film. 

The tenm "atoms having a high kinetic energy" means tiie atoms have a kinetic energy of at least about 

20 1 electron volt 

Brief Description of the Drawings 

Rgures 1-3 are graphs showing the oxkje weight gain on a titanium substrate as compared to tiie oxide 
2S weight gain on a titanium substrate having an adherent chromium coating. 

Rgure 4 is a graph showing the oxide weight gain on a titanium substrate as compared to tiie oxide 
weight gain on a titanium substrate having an adherent coating of a chromium eltoy. 

Detailed Description of tiie Invention 

30 

Many coatings have been applied to titanium substrates, but coatings heretofore reported have proven 
inadequate for high temperature oxidation protection when exposed to the thermal cycling experienced by 
gas turbine components. However, I have discovered tiiat a relatively tiiin coating of about 1 to 10 mterons, 
preferably about 3 to 6 microns, of chromium deposited by the condensation of atoms having a high kinetic 

36 energy, provides substantial oxidation protection for titanium substrates. Surprisingly, when subjected to tiie 
stress caused by repeated tfiermal cycling in air between room temperature and up to about 900 *C. the 
coating remains adherent and reduces tiie rate of oxide growth on titanium substrates from a sut)stantially 
linear rate to a substantially paratwilc rate. 

Ductile chromium alloys that form continuous chromium oxide scales can be used as the coating 

40 material instead of chromium. Such ductile chromium altoys are. for example, comprised of about 20 to 50 
weight percent chromium and the balance nickel, or about 30 to 50 weight percent chromium and the 
balance cobalt or about 30 to 50 weight percent chromium and tiie balance iron. 

Physical Vapor Deposition coating processes tiiat deposit atoms having a high kinetic energy are used 
to apply tiie coatings disclosed above. For example, diode sputtering witii a radio frequency current can be 

45 used to deposit chromium or chromium alloy coatings of atiout 1 to 10 microns. Such chromium or 
chromium alloy coatings are continuous so that no bare spots on the titanium substrate are exposed to 
oxidative attack, and strongly adherent so tiiat tiie coating does not spall from tiie substrate even after 
repeated tiiermal cycling between room temperature and elevated temperatures up to atx)ut 900* C. 

The foltowing examples further show tiie deposition of high energy chromium atoms, or high energy 

50 atoms of the constituents of chromium alloys, as continuous adherent coatings on titanium substrates. 

Example 1 

Coupons of approximately 1/2" x 1/4" x 1/8" wer prepared finom large samples having tiie composi- 
55 tions shown in Table 1 below. 
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Table 1 
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Cnupnn Hftaignation 
Ti 



Tl-0.18Pe-0.02C 



Ti 64 



Ti-6A1-4V 



Ti 6242 Ti-6Al-2Sn-42r-2Mo 

Ti-25Al-2 6Nb* Ti-12 . 4A1-44 . 4Nb 

Note Titanium is the balance of each conposition 

* Designation based on atomic percent 
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The coupons were polished on silicon carbide paper down to 600 mesh on aii surfaces and then 
uttrasonically cleaned in acetone and rinsed In methanol. The coupons were coated with chromium by the 
anode sputtering process in a Peridn-Elmer 2400 sputtering machine by the following procedure. A 
chromium target of about 99.999% purity was used to fonm a cathode assembly. The coupons were 

20 centrally located on an anode spaced about 1 3f4 inch from the target The anode and cathode were sealed 
in a chamber reduced to a pressure of 2x10*^ atmospheres for about 1 hour to allow for the removal of 
water vapor and other contaminants from the chamber. 

The chromium target was sputter cleaned by rotating a blanic anode under the target and applying a 
radio frequency cunent of 13.56 megahertz for 60 minutes to the cathode target and the anode. An argon 

25 plasma was formed between the electrodes by introducing argon gas at a rate of 80 milliliters per minute 
between the anode and cathode to maintain a vessel pressure of 3.2 ton^. After the target was cleaned the 
anode holding the coupons was rotated bacic under the cathode. The coupons were then sputtered by 
applying the radio frequency current at 350 watts and 2400 volts for 3.5 hours. 

A chromium coating of about 3 microns was deposited on the coupon surface facing the target The 

30 sputtering procedure was repeated a second time with the opposite coupon surface facing the target It 
should be understood that a chromium coating of about 3 microns was also deposited on the sides of the 
coupons perpendicular to the target by this procedure. This sputtering procedure was repeated a second 
time to fonn a total coating thickness of 6 microns on coupons having the Ti 64 and Tl 6242 substrates 
shown in Table 1 . 

35 Using the sputtering procedure explained above three coupons having the Ti 64 composition in Table 1 
were coated w'th a noble metal coating of about 3 microns. Using a platinum target one coupon was coated 
with platinum, using an iridium target a second coupon was coated with iridium, and using an alloy target of 
platinum and 10 atomic percent ruthenium the third coupon was coated with the platinum and ruthenium 
alloy. 

40 A chromium alloy target comprised of about 20 weight percent chromium and the balance nickel was 
used to deposit a 6 micron chromium alloy coating on a Ti 64 coupon. The sputtering procedure described 
above and repeated a second time to deposit a 6 micron coating was used. 



A chromium coating was applied by the pack-cementation process on coupons having the Tl substrate 
In Table 1. The coupons were Inserted In a powder pack consisting of, In weight percent atx)ut 65% 
chromium powder, about 25% alumina powder, and about 10% ammonium chloride. The pack was heated 
to at)out 1000' C for about 1 hour In an atmosphere of hydrogen and aigon, forming a chromium coating of 
50 about 50 microns. A bronze colored surface layer believed to be comprised of chromium and titanium 
intermetalllc compounds was observed on the coupons. 



55 The oxidation protection provided by the coatings applied In Examples 1 and 2 was measured by 
heating coated and unooated coupons having the same titanium substrate. The coupons were heated in 
flowing air and the weight gain on the coupons from oxide growth was measured on automatically recording 
thermal balances. The weight gain measurements ar shown by th curves In Rgures 1-4, where th weight 
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gain in milligrams per square centimeter is plotted on the ordinate as a function of exposure time as plotted 
on the abscissa. Th coupons in Rgures 1^. and 4 were thenmaily cycled every 4 hours by cooling the 
coupons to room temperature and then reheating them to the test temperature shown In each figure. The 
coupons in Rgure 3 were thermally cycled every hour In the same manner. 

Rgure 1 shows the weight gain for uncoated and chromium coated coupons, having the Tl 64 substrate 
in Table 1, that were heated to 800 ' C for over 900 hours with periodic thennal cycling. Rgure 2 ^ws the 
weight gain for uncoated and chromium coated coupons, having the Ti 6242 substrate In Table 1, that were 
were heated to 825* C for over 1200 hours with periodic themial cycling. Rgure 3 shows the weight gain for 
uncoated and chromium coated coupons, having the Ti-25AI-26Nb substrate In Table 1. that were were 
heated to 900* C for about 824 hours with periodic thermal cycling. Rgure 4 shows the weight gain for 
uncoated and chromium alloy coated coupons, having the T! 64 substrate In Table 1. that were were heated 
to 825 C for over 900 hours with periodic thermal cycling. 

Each figure shows the substantial oxidation protection provided by the sputtered chromium or chro- 
mium alloy coating. The uncoated coupons experienced rapid weight gains, spalting of the oxide scale, and 
oxidized at an essentially linear rate. Uncoated coupons shown In Rgures 1 and 2 had become completely 
oxidized in about 400 hours. TTie coaled coupons experienced greatly reduced oxide weight gains of less 
than about 4 mg/cm2 In about 900 hours or more of exposure to an oxidizing atmosphere with repeated 
thermal cycling. 

From the slope of the curves fbr the coated coupons It can be seen that the coated coupons oxidized at 
a substantially parabolic rate characteristic of the oxidation rate fbr materials having a protective oxide 
scale. There was no visible evidence of spalling on any of the coated coupons after the extensive oxidation 
tests. As shown by comparing Rgure 3 to Rgwes lA and 4. the 3 micron coating on the Ti-25AI-2BNb 
coupon provided similar c»(ldation protection as compared to the 6 micron coatings on the Ti 64 and Tl 
6242 coupons. 

By contrast the noble metal coatings applied in Example 1 spalled rapidly when heated to 900* C with 
periodic cooling to room temperature. Similariy, the chromium coatings applied in Example 2 by the pack- 
cementation process readily spalled on heating in air at 855' C. 

Examination of chromium coated coupons by a scanning electron microscope after oxidation testing 
showed minor diffusion of tfie chromium in the substrate, the diffusion being limited to within about 8 
microns of the coupon surface. Such minimal diffusion furttier shows the stability of the sputterd chromium 
coating and tiie ability of tiio coating to provide a long life of adherence and oxidation protection. 

The coatings disclosed herein provide excellent oxidation protection on titanium substrates that is 
characteristic of ttie oxidation protection provided by protective oxide scales. Protective oxide scales 
substantially reduce ttie rate of oxidation on the substrate by substantially reducing the diffusion of oxygen 
through the scale to the substrate. Therefore ft is expected that the coatings of tills invention, in addition to 
providing oxidation protection, also minimize tiie diffusion of oxygen into tfie titanium substi^te so that tiie 
substrate is not embrittiad and ductility, toughness, and resistance to creep are not adversely reduced. 

Claims 

1. A coating for titanium substrates tfiat provides substantial protection from oxidation up to about 900* C. 
comprising: a continuous film of condensed high energy atoms of chromium, the film being about 1 to 
10 microns, and tire coating being capable of remaining adherent after repeated thermal cycling. 

2. The coating of claim 1 wherein tiie film of chromium is about 3 to 6 microns. 

a The coating of claim 1 comprised of a ductile chromium alloy that fbnns a continuous chromium oxide 
scale. 

4. The coating of claim 1 wherein tiie film is condensed from sputtered atoms. 

& Th coating of claim 1 wherein tiie film is condensed from atoms diode sputtered witti a radio 
frequency current. 

8. A coating for titanium substrates that provides substantial protection from oxidation up to about 900* C. 
comprising: a continuous film of about 1 to 10 microns of chromium atoms sputtered onto tfie titanium' 
substrate, the coating being capable of remaining adherent after repeated thermal cycling. 
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7. The coating of claim 6 wherein the sputtering is diode sputtering with a radio frequency cunrent 

8. A method for protecting titanium substrates from oxidation, comprising: 

cleaning the substrate to remove surface contaminants; and 
5 depositing a continuous, coating of chromium of about 1 to 10 microns by condensing atoms having 

a high kinetic energy onto the substrate. 

9. The method of claim 8 comprising, before the step of cleaning, polishing the substrate. 

10 10. The method of claim 8 wherein the coating is a chromium alloy that forms a continuous chromium 
oxide scaie. 

11. The method of claim 8 depositing a coating of about 3 to 6 microns. 
75 12. The method of claim 8 wherein tiie coating is deposited by sputtering. 

ia The method of claim 12 wherein the sputtering is diode sputtering witii a radio frequency current. 

14. A coating for titanium substrates that provides sut)Stantial protection from oxidation up to about 900* C. 
20 comprising: a continuous chromium oxide scale on a film of condensed high energy atoms of 

chromium of Bhoist 1 to 10 microns, tiie coating being capable of remaining adherent after repeated 
thermal cycling. 

15. The coating of claim 14 wherein the film of chmmium is about 3 to 6 microns. 

25 

16. The coating of claim 14 comprised of a ductile chromium alloy that forms a continuous chromium oxide 
scale. 

17. The coating of claim 14 wherein the film is sputtered atoms. 

30 

18. The coating of claim 14 wherein the film is atoms diode sputtered with a radio frequency current 
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